The induction heating is a common method applied in metalorganic vapor phase epitaxy (MOVPE) especially for higher-temperature growth conditions. However, compared to the susceptor heated by the multiple-zone resistant heater, the inductive-heated susceptor could suffer from severe thermal non-uniformity issue. In this simulation study, we propose to employ a T-shape susceptor design with various geometric modifications to significantly improve the substrate temperature uniformity by manipulating thermal transfer. Specifically, the thermal profile can be tailored by horizontal expansion and vertical elongation of the susceptor, or forming a cylindrical hollow structure at the susceptor bottom cylinder. Three optimized designs are shown with different temperature uniformity as well as various induction heating efficiencies. The temperature variation of the entire substrate surface can be less than 5 °C at ~1900 °C with high induction heating efficiency after applying the proposed techniques.
Introduction
Ultra-wide bandgap III-nitride materials including AlN, BN, and their alloys with other group-III elements are promising for optoelectronics and power electronics applications. 1, 2 High material quality of these alloys is essential for device performance and investigation of material properties. However, it has been challenging to realize it especially on commercially-viable K.-H. Li et al. foreign substrates including sapphire and silicon primary due to large lattice mismatch. The metalorganic vapor phase epitaxy (MOVPE) is the most common method for growing III-nitride materials. To improve quality of the ultra-wide bandgap III-nitride materials such as AlN, MOVPE growers have employed various methods including precursor pulsing to enhance adatom movement and patterned substrates to leverage lateral coalescence. 3 Another notable method is to apply extremely high temperature (EHT) ( >1600 °C) to enhance adatom mobility and suppress undesirable impurity incorporation, which has led to greatly improved material quality. 4, 5 However, existing commercial MOVPE systems with the resistant heater may not be suitable for long-term and low-cost EHT operation. The filament of the resistant heater is usually made of refractory metals such as tantalum (Ta), tungsten (W), rhenium (Re), or their alloys which can sustain high temperature while emitting thermal radiation. Ideally, the heated susceptor can absorb all the thermal radiation and reach thermal equilibrium temperature according to its emissivity and absorptivity ratio according to the Kirchhoff's law of thermal radiation. 6 However, in reality the susceptor both absorbs and reflects thermal radiation. The susceptor reflects even more thermal radiation at higher temperatures. Therefore, the filament usually needs to be several hundred degrees higher than the susceptor target temperature; otherwise, the susceptor could not reach the target temperature. At higher temperatures, the filament has thermal expansion and can cause warpage and possibly short circuit. Moreover, though refractory metals have high melting point, extreme heating-and-cooling cycles can cause thermal fracture and may break the filament eventually. 7 Compared to the resistant heater, the induction heater has several advantages due to a different working principle. The induction coil generates alternating magnetic field and the susceptor induces Eddy current accordingly, i.e. inductive coupling. The Eddy current causes the Joule heating effect on the susceptor and heats up the susceptor. Unlike the resistant heater, such energy transfer mechanism is independent of temperature, meaning there is no thermal radiation reflection, warpage, or lifetime issue. That's the reason for the induction heater to have good heating efficiency and higher reliability than the resistant heater. Nevertheless, the induction heater also has drawbacks. The inductive coupling efficiency between the induction coil and the susceptor is affected by induction coil geometry, susceptor geometry, susceptor material, and frequency of AC power load. 8 Furthermore, the induction heater could result in severe temperature non- Li et al. uniformity for conventional column-shape susceptors as compared to the resistant heater. Large temperature non-uniformity can cause problems because it affects metalorganic compound pyrolysis efficiency, material composition, growth rate, adatom mobility, and wafer curvature.
The resistant heater users can apply the multi-zone technique 9,10 to tune the substrate temperature uniformity. However, it is difficult to apply the multi-zone technique for the induction heater. There have been studies that propose techniques to improve substrate temperature uniformity of the induction-heated susceptor. But these techniques are often complicated or not applicable for EHT. [11] [12] [13] [14] [15] [16] In the previous report, an MOVPE reactor design was proposed by having the induction coil placed around the bottom cylinder under the top plate of a T-shape susceptor as shown in Figure 1 (a). 17 Hence, the magnetic field is nearly fully coupled to the susceptor to greatly improve induction heater efficiency at EHT and allow the use of small susceptor-gas inlet distance because of the magnetic shielding effect of the T-shape susceptor. 17 Thus, the proposed reactor could reach higher temperatures and possess lower parasitic reaction rates for Al-and B-containing metalorganic precursors which are desirable for MOVPE processes of the ultra-wide bandgap IIInitride materials. Despite these technical advantages, the T-shape susceptor also suffers from the temperature non-uniformity issue that ought to be addressed for growing high quality and uniform epitaxial wafers.
In this work, the substrate temperature uniformity of the T-shape susceptor has been studied. The substrate temperature uniformity can be improved via controlling the heat transfer path by vertically elongating the susceptor, horizontally expanding the susceptor, or forming a cylindrical hollow structure on the bottom of the susceptor, as shown in Figure 1 
Materials and Methods
The heat transfer study was carried out using the cylindrical symmetry due to the geometric of the susceptors. The susceptors were assumed to accommodate a two-inch substrate. Similar works can be conducted on the larger susceptors and thus they are not included in this report. The reference T-shape susceptor in Figure 1 The numerical analysis were conducted by using the finite element analysis of the COMSOL Multiphysics 4.3a. There were139,656 triangular elements and 191,043 degrees of freedom included in the mesh. Heat transfer by the induction heating, conduction, and thermal radiation was calculated by the build-in models. 18 In this study, the frequency was fixed at 10 kHz.
Most EHT susceptors are made of (crystalline or amorphous) graphite coated by silicon carbide (SiC) or tantalum carbide (TaC). However, in this work, the proposed T-shape susceptor is made of tungsten (W) due to its low cost, high melting point, and superior isotropic electric conductivity and thermal conductivity. TaC is an excellent material for induction-heated high temperature applications but TaC has higher cost than graphite and W. The crystalline graphite has in-plane and out-of-plane lattice planes, which makes it an anisotropic material. 19, 20, 21 The in-plane electric and thermal conductivities are similar to the tungsten's, depending on the quality of graphite.
However, the out-of-plane electric and thermal conductivities are inferior to the tungsten's. Such anisotropic properties affect inductive coupling efficiency and heat transfer. The amorphous graphite is a porous material with poor electric and thermal conductivity. It can lead to poor inductive coupling efficiency that is detrimental for heating efficiency at EHT. Hence, tungsten is a good candidate for inductively-heated high-temperature and low-cost susceptors. All the physical quantities required in the simulation can be found in the previous report 17 The temperature distribution on the induction-heated susceptor depends on heat transfer.
For the induction heating modeling, the governing equation is:
where is imaginary number, is the electrical conductivity, is angular frequency of alternating current, is resistivity of material, 0 is electrical permeability at free space, is relative electrical permittivity, ⃗ is magnetic vector potential, 0 is magnetic permeability at free space, and is relative magnetic permeability. The induction coil was modeled as torus shape; therefore, the electrical field of the induction coil is ∇ ⃗ ⃗⃗ = 2̂, where , , and ̂ are the radius of the induction coil, the electric potential, and the unit vector, respectively.
For thermal conduction modeling, the governing equation is: 
where is density, is the specific heat capacity at a constant pressure, is absolute temperature, is time, ⃗⃗ is velocity vector, is thermal conductivity, and = 1 2 Re( ⃗ • ⃗⃗ ) is the power generated by the Eddy current.
For thermal radiation modeling, the governing equations are:
where is the Stefan-Boltzmann constant, ( ) is the blackbody hemispherical total emissive power, is the emissivity of the material, is incoming radiative heat flux, is the total outgoing radiative heat flux, ⃗⃗ is the normal unit vector on the boundary, and ⃗ is the radiation heat flux vector.
From the simulation results, the radius and the depth of the hollow structure, and horizontal expansion and vertical elongation of the susceptor can significantly influence the substrate temperature uniformity. The mechanism and optimized parameters for the T-shape susceptor will be discussed thoroughly in the next sections.
Results and discussion
To quantify the substrate temperature uniformity, we define a value called the Uniformity Length (UL) as the distance from the substrate center to the farthest point within which the substrate surface temperature variation is equal or less than 5 °C. Thus, the larger the UL, the better the substrate temperature uniformity is. For a two-inch substrate, the maximum UL in the ideal situation is one inch where the temperature difference of the entire substrate is less than 5 °C.
Although temperature variation on a wafer in a state-of-the-art MOVPE reactor could be less than 5 °C at lower growth temperatures such as ~1000 °C for InGaN light emitters, the threshold of 5
°C was reasonable because the target is EHT in this study. In other words, a 5 °C difference represented a very small, if not negligible temperature non-uniformity budget at EHT. 
Temperature profile of the reference T-shape susceptor
The cross-sectional temperature profile of the reference T-shape susceptor in the reactor is shown in Figure 3 (a). Due to the reactor's axial symmetry, only half of the cross section is shown.
The detail reactor configuration can be find elsewhere. 17 The bottom cylinder temperature is higher than the top plate temperature, because the heat transfer is mainly from the bottom cylinder to the top plate. To keep such heat transfer path, the heat transferred downward to the susceptor supporter (made of Molybdenum) and heat released by thermal radiation have to be reduced. Otherwise, these heat sinks will affect the heating efficiency of the susceptor. To reduce the heat sink, several thermal insulators (made of zirconia) 23 The substrate temperature line profile is shown in Figure 3 is as large as 45 °C which is not acceptable. The red curve of Figure 4 shows that Figure 4ΔT a quadratic function of Tcenter. When Tcenter is 1000 C, ΔT is ~5 C which is still acceptable. However, ΔT rapidly increases to over 25 C above the EHT, suggested that the reference T-shape susceptor design be modified to be applicable for acceptable uniformity at EHT.
To develop techniques improving the substrate temperature uniformity, understanding the induction heating mechanism and the heat transfer in the T-shape susceptor is important. Based on classical electrodynamics, EM waves only reach a certain depth below a conductor surface and the depth is defined as the skin depth ( ), which can be calculated by the following formula, 24, 25, 26 = √ √ √ 1 + (2 0 ) 2 + 2 0 , (6) where is the frequency of the alternating current, 0 is the electrical permeability at free space, is the relative electrical permittivity, 0 is the magnetic permeability at free space, is the relative magnetic permeability, and is the resistivity of the conductor at temperature . Because is a small quantity for common induction heaters frequency and metal, Equation (6) can be further reduced to:
where 0 is the reference resistivity of the conductor at temperature 0 (300K) and is the temperature coefficient of resistivity. Tungsten is a paramagnetic material which can be consider as low-level magnetization, and paramagnetic property can be described by the Curie's Law.
Therefore without large deviation, can be approximately considered as one. From Equation (7), depends on the electrical properties of the conductor, the frequency of the induction heater, and the temperature of the susceptor. The skin depth vs temperature was further calculated and shown in Figure 4 . The skin depth gradually increases from 1.1 to 4 mm when temperature increases from 100 to 2000 °C. The magnetic field intensity decays exponentially when the magnetic field penetrates into the T-shape susceptor (~/ ). 25, 26 When the magnetic field penetrates one skin depth distance from the surface, the intensity decays to 36.7% (~− 1 ), and decays to 13.5% (~− 2 ) and 4.9% (~− 3 ) when the penetration distances are two and three skin depth, respectively. Therefore within the distance of three skin depths from the surface, the bottom cylinder will induce most of the Eddy current and generate an internal magnetic field against the external magnetic field by the Faraday-Lenz law of induction. 27 The Eddy current encircles the bottom cylinder and generates heat by the Joule- 
Impacts of geometric options on substrate temperature uniformity
In 
5(c) exhibits the substrate temperature line profile evolution at various E values, while R, D, and
L are zero. Figure 5(d) shows the impact of L while R, D, and E are zero. The three options are found to significantly impact the heat transfer path and the substrate temperature uniformity.
In Figure 5 uniform than that in the bottom cylinder outer region, the temperature uniformity is improved.
In Figure 5(d) , interestingly, the substrate temperature line profile shifts downward without alternating its shape. Also, the profile drops almost linearly (about 30 °C for every 0.5 cm increase in L). This is because the vertical elongation does not change the heat transfer path. The bottom cylinder outer region still has a faster heat lost rate than that of the bottom cylinder inner region.
Furthermore, since the induction coil also shifts downward amid the vertical elongation, the heat generated in the bottom cylinder is even farther away from the top plate surface, which makes the heat transfer path longer. Therefore, the substrate temperature line profile shifts downward without improvement or deterioration of the substrate temperature uniformity. By studying how the temperature line profile is affected by R, D, E, and L, it is obvious that R, D, and E can improve the uniformity greatly if appropriate R, D, and E are chosen. On the other hand, L is not useful. 
Comparison between three optimized designs
The optimization follows one major rule: it has to keep the UL as large as possible. The maximum is 2.5 cm. On top of that, if there are multiple optimized setups which leads to the same UL, the susceptor volume is preferably smaller, which is related to heating efficiency at the EHT.
It is important to note that the difference in the required induction power may not be large in this study between the two-inch substrate susceptors. But it would be expectedly significant for larger susceptors particularly the ones used for production. The substrate temperature line profile of Design 1 is shown in Figure 6 for the temperature uniformity. For Design 2, the UL is 2.5 cm until reaching temperatures over ~1500 °C, which means that it is perfect for lower temperatures but not good for the EHT. The UL of the reference susceptor starts to decrease at 900 °C which is even lower than the conventional growth temperature of GaN (~1000 °C). The standard deviation increases quadratically versus the average temperature and largely reflects the same phenomena as the UL does. There is a correlation between the UL and the temperature standard deviation: once the substrate temperature standard deviation goes beyond ~1.6 °C, the UL starts to drop. The explanation is that if taking substrate temperature line profile as a Laplace-Gauss distribution, 3σ covers 99.7% of the data points. To match acceptable substrate temperature uniformity, 3σ should be equal to or less than 5 °C (3σ ≤ 5 °C), which gives the result of σ ≤ 1.67 °C.
Conclusion
In summary, the T-shape susceptor is a candidate for high temperature MOVPE processes but can suffer severe temperature non-uniformity issues. In this study, it is found that the modifications of 
